[1] Recent field and laboratory observations indicate that the variation of drag coefficient with wind speed at high winds is different from that under low-to-moderate winds. By taking the effects of wave development and sea spray into account, a parameterization of sea surface aerodynamic roughness applicable from low to extreme winds is proposed. The corresponding relationship between drag coefficient and sea surface wind speed agrees well with the existing field and laboratory observational data. It is shown that, under low-to-moderate wind conditions so that the sea spray effects could be neglected, the nondimensional aerodynamic roughness first increases and then decreases with the increasing wave age; whereas under high wind conditions, the drag coefficient decreases with the increasing wind speed due to the modification of the logarithmic wind profile by the effect of sea spray droplets produced by bursting bubbles or wind tearing breaking wave crests. The drag coefficients and sea surface aerodynamic roughnesses reach their maximum values when the 10 m wind speeds are between 25 and 33 m s À1 for different wave developments. Correspondingly, the reduction of drag coefficient under high winds reduces the increasing rate of friction velocity with increasing wind speed.
Introduction
[2] Sea surface wind stress is the primary driving force for ocean currents and surface waves. Parameterization of wind stress over the air-sea interface is essential to many aspects of air-sea interaction, which in turn is vital for atmospheric, oceanic and surface wave prediction models, as well as climate modeling. During the past several decades, lots of studies based on laboratory and field observations and/or theoretical analyses [e.g., Charnock, 1955; Stewart, 1974; Wu, 1980; Geernaert et al., 1987; Donelan, 1990; Toba et al., 1990; Smith et al., 1992; Yelland and Taylor, 1996; Johnson et al., 1998; Drennan et al., 2003; Lange et al., 2004; Gao et al., 2006; Edson et al., 2007; Petersen and Renfrew, 2009] were conducted to determine sea surface wind stress through parameterization of drag coefficient or aerodynamic roughness.
[3] The air-sea momentum flux, i.e., wind stress t can be estimated through the bulk aerodynamic method in terms of drag coefficient C d
where r is the density of air, u * is the friction velocity, and U 10 is the wind speed at 10 m height above mean sea level. Although early works determined the drag coefficient as a constant, recent studies obtained different linear relationships between drag coefficient and wind speed from field and laboratory observations [e.g., Garratt, 1977; Large and Pond, 1981; Wu, 1980; Geernaert et al., 1986; Yelland and Taylor, 1996] . Among them the relationships of Wu [1980] and Large and Pond [1981] were widely used in estimating the air-sea momentum flux, as well as in many atmospheric, oceanic and surface wave models. However, the dependence of drag coefficient on wind speed determined by different researchers varies significantly, indicating that the drag coefficient might depend on not only the wind speed, but also other factors such as the wave development parameters like wave age and wave steepness [e.g., Geernaert et al., 1987; Guan and Xie, 2004] .
[4] The other method to parameterize wind stress is through sea surface aerodynamic roughness z 0 , which is extended from the roughness in logarithmic wind profile theory over land. This method is equivalent to the bulk aerodynamic relation, equation (1), since the drag coefficient has a one-to-one correspondence with the aerodynamic roughness for neutral stratification through
Considering the dependence of sea surface roughness on wind speed and using dimensional analysis, Charnock [1955] presented the famous Charnock relation
where g is the acceleration of gravity, and a is the Charnock parameter or nondimensional roughness length, which is taken as a constant. Thereafter, various values for the Charnock constant were determined by different researchers based on different observational data (Table 1) . It should be noted that a constant Charnock parameter corresponds to a linear dependence of drag coefficient on wind speed [Guan and Xie, 2004] . As mentioned above, the existence of surface waves under different wave developments could affect both the air and water side current structure, which in turn would affect the air-sea momentum flux. Measurements have also indicated that sea surface roughness depends not only on wind speed, but also on wave development. Kitaigorodskii and Volkov [1965] explicitly included the wavefield effects by using a weighted integral of the sea surface spectrum to estimate the aerodynamic roughness. Based on the similarity of wind wave spectrum, Stewart [1974] proposed an extended Charnock relation, in which the Charnock parameter a was considered as a function of wave age
where b * is defined as c p /u * , in which c p is the phase speed of the spectral peak. Masuda and Kusaba [1987] further gave an exponential relationship between the Charnock parameter and the wave age
where n and m are parameters determined by observations. When m = 0 and n = a, equation (5) [Donelan, 1990; Johnson et al., 1998; Drennan et al., 2003 ], corresponding to negative m in equation (5). The other viewpoint considers that the nondimensional sea surface roughness increases with the increasing wave age [Toba et al., 1990; Sugimori et al., 2000] , corresponding to positive m in equation (5).
However, neither of the viewpoints can explain both field and laboratory observational data well. The SCOR (Scientific Committee on Oceanic Research) workgroup 101 [Jones and Toba, 2001] proposed a relation between the Charnock parameter and wave age (SCOR relation), which shows that the nondimensional sea surface roughness first increases and then decreases with the increasing wave age. This relation can be thought of as a combination of the above mentioned two kinds of viewpoints, and it agrees well with the field and laboratory observational data.
[5] The above reviewed studies are mostly only applicable to low-to-moderate wind conditions, since they are obtained from measurements usually under wind speed smaller than 25 m s
À1
. As for wind stress under high winds, due to lack of observation it is generally assumed that the linear relationship between drag coefficient and wind speed can be applied to high wind conditions (>25 m s À1 ) through extrapolation [Garratt, 1977; Wu, 1982] . However, recent field and laboratory observations [Alamaro, 2001; Alamaro et al., 2002; Powell et al., 2003; Donelan et al., 2004; Black et al., 2007; Jarosz et al., 2007] show that it is not suitable to simply apply the linear relation between drag coefficient and wind speed to high wind conditions. According to the existing field and laboratory observations, the drag coefficient does not increase, but decreases with the increasing wind speed under high wind conditions. It is speculated that the sea foams and sea sprays generated by wave breaking and wind tearing the breaking wave crests prevent the underneath sea surface from being dragged by the wind [Powell et al., 2003] . Under high wind conditions breaking waves disrupt the air-sea interface into a transition layer from bubble-filled water to spray-filled air, modifying the logarithmic wind profile, which in turn would affect the air-sea momentum, heat fluxes as well as mass transfer. Based on the solution of the TKE balance equation in the sea spray suspension layer and field measurements of Powell et al. [2003] , Makin [2005] derived a resistance law of the sea surface at hurricane winds, predicting the reduction of the drag coefficient for the wind speed exceeding hurricane force, which is in agreement with field observational data.
[6] Although the SCOR relation can to some extent explain the field and lab observations under low-to-moderate winds, its application to high wind conditions is not supported by recent observations. It is believed that the relationship given by Makin [2005] included the effect of sea spray on wind stress under high winds, however, it did not take the wave state into account by taking the Charnock parameter as a constant. Currently, there is no parameterization for wind stress which considers both wave state and sea spray effects and is applicable to both low-to-moderate and high wind conditions. This study thus aims to propose a parameterization for wind stress applicable from low to extreme wind conditions, with both wave state and sea spray effects being taken into consideration. Kitaigorodskii and Volkov [1965] 0.035 Smith and Banke [1975] 0.0130 Garratt [1977] 0.0144 Wu [1980] 0.0185 Geernaert et al. [1986] 0.0192 Donelan, 1990; Johnson et al., 1998; Drennan et al., 2003] 
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[8] According to equation (6), the nondimensional sea surface roughness first increases and then decreases with the increasing wave age. The SCOR relation could be considered as a combination of the above mentioned two kinds of viewpoints. It agrees well with current field and laboratory observations [see Jones and Toba, 2001, Figures 10.5 and 10.6] .
[9] According to the SCOR relation and using equations (1) and (2), for given wind speeds U 10 and wave ages b defined as c p /U 10 , the corresponding drag coefficients can be calculated through iteration. Figure 1 shows the corresponding relation between the drag coefficient and the wind speed under different wave ages (b), from which one can see the drag coefficient increases with the wind at a given wave age b. We can also find that when the wave age b is less than about 0.4, the drag coefficient increases faster with the increasing wind speed as the wave age increases. This corresponds to that the nondimensional sea surface roughness increases with the wave age. When the wave age b is larger than about 0.4, the increasing rate of drag coefficient with wind speed will be reduced as the wave age increases. Correspondingly, under this circumstance the nondimensional sea surface roughness decreases with the increasing wave age.
[10] It should be noted that, since the SCOR relation is determined mainly from observations under low-to-moderate wind conditions, without the consideration of other factors such as sea sprays, it is not appropriate to apply this relation to high wind conditions.
Sea Spray Affected Wind Stress Under High Winds
[11] As for the air-sea momentum flux under high wind conditions, recent observations have indicated that the wind stress levels off as the wind speed exceeds hurricane force, and instead of increasing the drag coefficient decreases with the wind speed. Through measurements in a circular windwave tank, Alamaro [2001] and Alamaro et al. [2002] found that when the wind speed exceeds about 25 m s À1 , the drag coefficient decreases, rather than increasing with increasing winds. Powell et al. [2003] analyzed lots of wind profiles measured by Global Positioning System dropwindsonde (GPS sonde) in tropical cyclones, showing that the surface momentum flux levels off as the wind speed increases above hurricane force, and the drag coefficient decrease with the increasing wind when the wind speed is larger than 33 m s À1 . Based on laboratory measurements, Donelan et al. [2004] concluded that the aerodynamic roughness approaches a limited value under high wind conditions (>33 m s À1 ). In addition, Jarosz et al. [2007] also concluded that for winds between 20 and 48 m s À1 , drag coefficient initially increases and peaks at winds of about 32 m s À1 before decreasing under hurricane wind conditions through the bottom-up determination of air-sea momentum exchange. According to these existing field and laboratory observations, there are two obvious characteristics for wind stress under high wind conditions: (1) The drag coefficient doesn't increase, but decreases with the increasing wind speed under high wind conditions; (2) The drag coefficient reaches its maximum when the wind speed lies in the range of 25-33 m s À1 .
[12] These characteristics of drag coefficient under high wind conditions may be due to the existence of sea foams and sea sprays.
[13] It is believed that at very high wind speeds a deep part of the marine atmospheric surface layer is filled with spray droplets, originating from intensively breaking waves, which form the spray droplet suspension layer. Makin [2005] assumed that a thin region adjacent to the sea surface part of the suspension layer is characterized by a regime of limiting saturation. Based on the solution of the TKE balance equation for the airflow in the regime of limited saturation by suspended sea spray droplets, the profile of the wind velocity is given by [Barenblatt, 1979] 
where u(z) is the wind speed at height z, z 0 l the local roughness, w is positive and satisfies the condition that w = a/ku * < 1, a is the terminal fall velocity of the droplets. It is noted that w is the correction parameter indicating the impact of sea spray on the logarithmic wind profile. On the basis of that the separation of the airflow from short steep breaking waves at high wind speeds is responsible for the formation of the surface stress and is well described by the Charnock relation, shown by Kudryavtsev and Makin [2001] , Makin [2005] assumed that the local roughness length still could be described by the Charnock relation (3) in the regime of limiting saturation.
[14] As revealed by Powell et al. [2003] , above the suspension layer, the wind speed could still be described by the logarithmic profile
where z 0 should be interpreted as the effective roughness. It is noted that, inside the suspension layer in the regime of limiting saturation, the wind profile (7) is characterized by the slope u * /kw and local roughness z 0 l , while above the suspension layer the wind profile is described by the logarithmic form (8) with slope u * /k and the effective roughness z 0 . As pointed out by Makin [2005] , the effective roughness reflects the impact of both waves and sea spray droplets on the flow dynamics and cannot be described by the Charnock relation.
[15] By overlapping the profiles (7) and (8) at the height of the spray droplet suspension layer h l , namely z = h l , Makin [2005] derived a resistance law of the sea surface at hurricane winds. It can be rewritten as
where
Here a is the Charnock constant, which is taken as 0.01 in Makin [2005] ; c l is the nondimensional height of sea spray droplet suspension layer. Assuming the height of the spray droplet suspension layer h l is about 1/10 of the fully developed significant wave height H s , Makin [2005] chose c l = 10. Using the observational data from Powell et al. [2003] , the critical terminal fall velocity of spray droplets a cr is estimated as 0.64 m s À1 [Makin, 2005] . It is important to note that, as the wind speed is in low wind conditions with w = 1, the sea spray effect on the logarithmic wind profile and air-sea momentum flux can be neglected, the wind profile (7) tends to the logarithmic wind profile (8), and equation (9) reduces to the classic Charnock relation. Under high wind conditions smaller w corresponds to larger impact of sea spray on the sea surface roughness, leading to the decrease of the drag coefficient and the leveling off of the wind stress. Thus, this relation can predict the reduction of the drag coefficient for the wind speed exceeding hurricane force, which agrees well with Powell et al.'s [2003] measurements under high winds [see Makin, 2005, Figure 1 ]. However, it should be mentioned that this relation does not explicitly consider the wave state effects on air-sea momentum flux, by taking the Charnock parameter a as a constant.
Wave State and Sea Spray Affected Wind Stress
[16] As for the wind stress under both low-to-moderate winds and high winds, by using the Charnock parameter predicted by the SCOR relation instead of the Charnock constant, we combine the SCOR relation and the resistance law of Makin [2005] to obtain the following relationship:
[17] Assuming the height of the sea spray suspension layer h l is 1/10 of the significant wave height H s [Makin, 2005] , we take
[18] Instead of using the empirical relation for the significant wave height for fully developed wind sea, we here introduce Toba's [1972] 3/2 power law applicable to all wind seas
where H * = gH s /u * 2 and T * = gT s /u * are nondimensional significant wave height and period, respectively. Substituting equation (14) into equation (13), one can get
[19] Further using the relation between significant wave period T s and peak wave period T p [Wen et al., 1989; Goda and Nagai, 1974] 
and recalling the relation c p = gT p /2p and the definition of wave age b * , one can then obtain a wave-age-dependent nondimensional height for sea spray suspension layer 
where z 0 is aerodynamic roughness, b * is wave age, and w is correction parameter indicating the impact of sea spray on the logarithmic wind profile, which can be estimated through equation (11) with a cr = 0.64 m s À1 [Makin, 2005] . With the effects of both wave state and sea spray on air-sea momentum flux, the new proposed parameterization is applicable from low-to-moderate wind conditions to extreme wind conditions. From equation (18), under low-to-moderate wind conditions when the sea spray effects are negligible (w = 1), this parameterization reduces to the SCOR relation with the Charnock parameter first increasing and then decreasing as the wave age increases. Under high wind conditions when sea sprays begin to have significant effects (w < 1), the sea surface roughness and drag coefficient decrease with the increasing wind speed.
[21] According to the new proposed parameterization and by using equations (1) and (2), for given wind speeds U 10 and wave ages b, the corresponding drag coefficients can be calculated through iteration. Figure 2 shows the corresponding relation between drag coefficient and wind speed under different wave developments, with (a) for wave age b less than 0.4 and (b) for wave age b greater than 0.4. From both Figures 2a and 2b , one can find that under high winds the drag coefficient decreases with increasing wind speed. This is in agreement with the above mentioned first characteristic of the existing measurements under high wind conditions. Sea sprays generated by wave breaking and wind tearing wave crests modify the wind profile and prevent the water surface from being dragged by the wind directly, which in turn, reduces the drag coefficient and levels off the wind stress under highs winds. Besides, the acceleration from relatively slow-moving water surface to airflow of the sea spray droplets which evaporate or suspend in the air may also play a role in reducing the sea surface drag coefficient. It is also shown in Figure 2b that the relation of Makin [2005] is very close to the curve corresponding to wave age of 1.8. As for the wave state effects especially under low-to-moderate winds, for wave age smaller than 0.4, younger waves usually correspond to smaller drag coefficients Figure 2a ; whereas for wave age larger than 0.4, mature waves correspond to smaller drag coefficients Figure 2b . This wave age dependence is consistent with the SCOR relation [Jones and Toba, 2001] . However, under high wind conditions, the interaction between wave state effects and sea spray effects makes the dependence of drag coefficient on wind speed more complicated. Generally, with younger waves, one would expect less sea sprays generated from wave breaking, thus less impact from sea sprays on the drag coefficient; whereas with larger wave ages, the impact of sea sprays becomes more obvious Figure 2 . Comparing Figure 2a to Figure 1 , one can see that, for very small wave ages (e.g., <$0.01), sea spray effects on drag coefficient are hardly seen for wind speed up to 60 m s À1 . There is also a limiting case here. In the case of wave age b → 0, i.e., without surface waves, the drag coefficient as well as the sea surface roughness tends to be constant, which is similar to those under wall boundary conditions. From Figure 2 one can also find that, the drag coefficients corresponding to different wave states reach their maximum values when the wind speeds lie in the range of 25-33 m s À1 , which agrees well with the above mentioned second characteristic of the existing measurements under high wind conditions. This means that the sea spray takes effect as the wind speed approaches the range of 25-33 m s À1 . In fact, this feature is fairly consistent with the argument by Amorocho and DeVries [1980] that a state of breaker saturation is reached in the neighborhood of wind speed of 20 m s À1 . At these wind speed ranges, sea surface wind begins to drag sea sprays and sea foams rather than dragging the true sea surface waves directly. As the wave age increases from about 0.04 to 0.4, the wind speeds at which the drag coefficients begin to level off or decrease for different wave ages gradually decrease to about 25 m s À1 ; while as the wave age increases from about 0.4, the wind speed wind speeds at which the drag coefficients begin to decrease for different wave ages gradually increases from about 25 to 33 m s À1 . It can also be noticed that, under most wave ages (larger than 0.1) the larger the drag coefficient, the lower wind speed at which the drag coefficient begin to decrease or level off.
[22] Correspondingly, the relation between friction velocity and wind speed and the relation between sea surface effective roughness and wind speed under different wave age (b) conditions are given in Figure 3 . One can see that under all wave age conditions, the friction velocity (u * ) increases with surface wind continuously. This is because surface wind speed is the major factor for air-sea momentum flux even though the drag coefficient reaches its maximum value at the wind speed range of 25 to 33 m s À1 . The reduction of drag coefficient under high wind conditions only reduces the increasing rate of the friction velocity (wind stress) over wind speed. As for the sea surface roughness (z 0 ), under different wave age conditions, it first increases with increasing surface winds and then decreases or levels off with increasing surface winds. Also, for wave ages less than 0.4, sea surface roughness increases with increasing wave ages, whereas for wave ages greater than 0.4, sea surface roughness decreases with increasing wave ages. For all wave development conditions, sea surface roughness has it maximum value of around 0.02 m (corresponding to the maximum drag coefficient of value of about 0.0042) at wave age (b) of 0.4 and wind speed of 25 m s À1 or so.
Validation and Discussion
[23] As mentioned above, the proposed relationship would be the same as the SCOR relation under low-to-moderate wind conditions when sea spray effects are negligible. Detailed validation for the SCOR relation and its comparison against various field and laboratory observations can be found in Jones and Toba [2001] . In this study, we will mainly focus on the behavior of the new proposed relationship under high wind conditions. Some recent field [Powell et al., 2003; Powell, 2006; Jarosz et al., 2007] and laboratory [Alamaro, 2001; Donelan et al., 2004] data sets with observations under high winds described below are used to be compared with the new relationship.
Field and Laboratory Observational Data Sets Under High Winds
[24] In a circular wind-wave tank made of two concentric walls (with the outer and inner radiuses being 0.479 and 0.284 m, respectively), Alamaro [2001] measured the water velocity by an Acoustic Doppler Velocitmeter (ADV) and the air velocity by an anemometer. A paddle powered by an electric motor can move the air over the water surface at high wind speeds. Through the "spin-down" experiments which provide information on the deceleration of the water mass, the shear stress over the water surface owing to the airflow and thus the drag coefficient can then be calculated under different measured air velocities. The tank was equipped with an adjustable false bottom, enabling the use of different distances from the paddle to the water surface for the same water depth. Also, the water depth can be varied in the tank. Nine sets of experiments with different water depths of 10, 12, and 14 cm and different false bottom depths ranging from 0 to 15 cm were conducted. The measurements show that the drag coefficient begins to decrease with increasing winds when wind speed is larger than about 25 m s À1 .
[25] Powell et al. [2003] analyzed 331 of wind profiles measured by GPS dropsonde in the vicinity of the hurricane eye walls during 1997-1999. Wind profiles were organized into different groups based on the mean boundary layer (MBL) wind speed. Drag coefficient and surface roughness were then estimated through the profile method by using the wind profiles between different layers: 10-100 m, 10-150 m, 20-100 m, and 20-150 m, for each MBL group. The results show that the sea surface stress levels off as the wind speeds increase above hurricane force, and the drag coefficient decrease with increasing wind when wind speed is larger than 33 m s À1 . With the GPS dropsonde profiles being updated to include measurements till 2005, Powell [2006] found that the drag coefficient increases with wind up to 41 m s À1 and then decrease with increasing wind based on 1270 GPS dropsonde profiles for several MBL wind speed groups. He also analyzed the azimuthal dependence of the drag coefficient for hurricanes. As in Black et al. [2007] , a storm can be divided into three regions: (1) results show that the drag coefficient in the left front sector is most sensitive to wind speed and is higher than those in the right and rear sectors for most wind speeds. Also, the drag coefficient in the rear sector is slightly higher than in the right sector for winds up to 35 m s À1 , but the two sectors are similar for winds up to 42 m s À1 . As wave states in these sectors are usually different from each other, these results may indicate the dependence of the drag coefficient on wave development.
[26] Donelan et al. [2004] utilized the Air-Sea Interaction Facility at the University of Miami to examine the wind stress under high winds. The facility includes a tank which is 15 m long in its working section and 1 m wide with its height of 1 m divided equally between air and water. It can generate winds along the centerline in the range of 0 to 30 m s À1 . The wind was measured at 0.3 m height and was extrapolated to the standard meteorological height of 10 m using the logarithmic wind profile. Three methods including profile, eddy correlation, and momentum budget of water control volume, were used to estimate wind stress and thus drag coefficient under different winds. Their laboratory measurements show a saturation of the drag coefficient once the wind speed exceeds 33 m s À1 .
[27] Jarosz et al. [2007] used the bottom-up determination method of air-sea momentum exchange based on oceanside current observations to estimate sea surface wind stress under hurricane wind conditions. Their analyses were based on the observations by six current and wave/tide gauge moorings on the outer continental shelf in the northeastern Gulf of Mexico as Hurricane Ivan passed directly over them on 15 September 2004. Assuming that the directly forced ocean response on the continental shelf could be well described to the first order by the linear time-dependent depth-integrated horizontal momentum equations (especially for the along-shelf momentum), the drag coefficient can be estimated by the along-shelf momentum balance with the full water column current measurements for a given the resistance coefficient (r) at the seafloor. For four different values of the resistance coefficient: 0.001, 0.02, 0.0505, and 0.1 cm s À1 , Jarosz et al. [2007] obtained four sets of drag coefficients under wind speeds ranging from 20 to 48 m s À1 . Their results also found that the drag coefficient initially increases and peaks at winds of about 32 m s À1 before decreasing.
Comparison Between the Proposed Parameterization and Observational Data
[28] Figure 4 shows the comparison of the relation between drag coefficient and wind speed for the new presented wave state and sea spray related parameterization with the field and laboratory observational data. Since we are mainly concerned with the high wind conditions here, only the observational data with wind speed greater than 15 m s À1 are shown in the figure. From Figure 4 , one can see that the new presented relation can cover the range of the existing field and laboratory observations well, and can explain the scatter of current measurements to some extent. The reduction of the drag coefficient under high wind conditions is shown in both the observations and the presented relation for different wave states. The drag coefficients reach their maximum values in the wind speed range of 25-33 m s À1 . The largest maximum value ($4.2 Â 10 À3 ) based on the presented relation is very . The black markers with dotted lines are the laboratory measurements for different water depths (d = 10, 12, and 14 cm) and different false bottoms (fb, ranging from 0 to 15 cm) from Alamaro [2001] . The red markers with dash-dotted lines are laboratory measurements from Donelan et al. [2004] through different methods (PM, profile method; MB, momentum budget method; RS, Reynolds stress method). In general, waves measured in laboratory experiments (e.g., Alamaro's [2001] and Donelan et al.'s [2004] data) are younger than those measured in field experiments (e.g., Powell et al.'s [2003] and Jarosz et al.'s [2007] data). And waves in a circular tank (Alamaro's [2001] data) tend to have larger wave ages than in a regular wave tank (Donelan et al.'s [2004] Figure 15 ), when analyzing the azimuthal dependence of the drag coefficient around tropical cyclones. In addition, it can also be seen in the observational data that the larger the drag coefficient, the lower wind speed at which the drag coefficient begins to decrease tends to be. For both the field and laboratory data, the drag coefficients at a specific wind speed are rather scattered. A possible reason could be that those data were measured under different wave states. For example, waves in laboratory are usually younger that those in field observations. And waves in a circular tank [e.g., Alamaro, 2001] tend to have larger wave ages than waves in a regular wave tank [e.g., Donelan et al., 2004] with 15 m long working section. According to the presented relation in this study, the drag coefficients with moderate wave ages (e.g., Alamaro's [2001] data) tend to be larger than those with smaller wave ages (e.g., Donelan et al. 's [2004] data) and larger wave ages (e.g., Powell et al.'s [2003] data). This is consistent with the behavior of the observational data shown in Figure 4 .
[29]
In order to partly demonstrate the wave state impacts on wind stress and drag coefficient, Figure 5 shows the comparison of the relation between drag coefficient and wind speed for the new presented wave state and sea spray related parameterization with the observational data for different sectors of tropical cyclones from Powell [2006] when analyzing the azimuthal dependence of the drag coefficient for hurricanes. The blue, green, and red markers with dotted lines correspond to observations in the right (21 -150 ), rear (151 -240 ), and left front (241 -20 ) sectors, respectively. The drag coefficients in the left front sector are larger than those in the rear and right front. As is known, waves are usually very young in the rear sector, moderate in the left and front sector, while older in the right sector. This wave age distribution around a tropical cyclone can also be seen in Moon et al. [2004, Figures 9c and 9d] . From Figure 5 , one can see that, for wind speeds in the range of 25 to 42 m s À1 the left front sector, usually with moderate wave ages, has the largest drag coefficient. This is also consistent with the behavior of the wave state and sea spray related parameterization presented in this study.
[30] Although the above comparisons demonstrate some wave age impacts on the drag coefficients qualitatively, it should be pointed out that simultaneously measured air-sea momentum flux, wind and wave conditions under both lowto-moderate and especially under high wind conditions are needed in order to fully validate the presented wave state and sea spray related wind stress parameterization. Those simultaneous observations are, however, very rare especially under high winds. Thus, further field and laboratory experiments measuring wind and wave data simultaneously especially under high winds are needed to investigate the behavior of air-sea momentum flux under high wind conditions.
Concluding Remarks
[31] Coupling of the atmosphere to the ocean through sea surface wave processes is particularly important and impacts numerous scientific and engineering air-sea disciplines [Sullivan and McWilliams, 2010] . Parameterization of airsea momentum flux, which is one of the fundamental processes that connect atmosphere, waves and ocean, under various wind conditions is critical to both small-scale and large-scale air-sea interactions as well as the coupling among the atmosphere-wave-ocean system. In this study, a sea surface aerodynamic roughness parameterization applicable from low to extreme winds is proposed by considering the effects of wave state and sea spray on air-sea momentum flux. According to the new presented parameterization, under low wind conditions when the effect of sea spray could be neglected, the nondimensional sea surface roughness first increases and then decreases with the increasing wave age, which is consistent with the SCOR relation [Jones and Toba, 2001] . While under high wind conditions, the drag coefficient does not increase, but decreases with the increasing wind speed due to the effect of sea spray, and this agrees well with recent observations under high winds. In addition, the drag coefficients under different wave ages reach their maximum values when wind speeds are in the range of 25-33 m s À1 , which is also supported by recent field and laboratory measurements. Correspondingly, the sea surface aerodynamic roughnesses reach their maximum values with wind speeds in the range of 25-33 m s À1 for different wave developments. The reduction of drag coefficient under high winds thus slows down the increasing rate of friction velocity with increasing wind speed.
[32] As the wave state and sea spray would affect the airsea momentum flux as well as air-sea heat and mass fluxes, the new presented parameterization could be used in coupled atmosphere-wave-ocean modeling systems, which in turn could be used to investigate the effects of air-sea interaction on coupled air-sea systems. Furthermore, as the current presented parameterization of wind stress includes the sea spray effects and is applicable to extreme wind conditions, it could also be used in the simulations of tropical cyclone systems such as hurricanes and typhoons.
[33] However, it should be noted that the new proposed parameterization needs to be further validated through simultaneously measured wind and wave data especially under high wind conditions. More field and laboratory experiments should also be conducted to investigate the dependence of wind stress on other factors such as atmospheric stratification, surface tension, wind gust, rain, and so on.
